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High-7. Superconducting Fourth-Harmonic
Mixer using a Dual-Band Terahertz On-Chip
Antenna of High Coupling Efficiency
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Abstract—This paper presents a dual-band on-chip antenna
coupled high-7. superconducting (HTS) Josephson-junction
sub-terahertz (THz) fourth-harmonic mixer. The antenna utilizes
a couple of different structured twin-slots to enable the resonant
radiations at two frequencies, and integrates a well-designed
coplanar waveguide (CPW) network for achieving good radiation
coupling and signal isolation characteristics. The electromagnetic
(EM) simulations show that coupling efficiencies as high as -4 dB
and -3.5 dB are achieved for the 160-GHz and 640-GHz operating
frequency bands, respectively. Based on this dual-band antenna, a
640-GHz HTS fourth-harmonic mixer is developed and
characterized in a range of operating temperatures. The mixer
exhibits a measured conversion gain of around -18 dB at 20 K and
-22 dB at 40 K respectively. The achieved intermediate-frequency
(IF) bandwidth is larger than 23 GHz. These are the best results
reported for HTS harmonic mixers at comparable sub-THz
frequency bands to date.

Index Terms—Terahertz mixer, high-temperature
superconductor Josephson junction, dual-band on-chip antenna,
fourth-harmonic mixing, terahertz wireless applications.

I. INTRODUCTION

Terahertz (THz) communication [1], [2] and sensing [3] are
vitally important wireless technologies that have attracted
rapidly growing interest among worldwide researchers in
recent years. The abundant bandwidth resource enables
low-THz-band (0.1-1 THz) communication to be a potential
solution to the issues of data rate and capacity limitations in
current wireless systems. The shorter wavelength of sub-THz
wave compared with that of microwave and millimeter waves,
is beneficial to achieving high spatial resolution whilst
maintaining the system compact and lightweight for remote
sensing applications. Nevertheless, due to the limited
transmitting power and severe atmospheric attenuation at the
sub-THz frequencies, an ultrasensitive heterodyne receiver is
very much desired for effective signal detection.

Semiconductor-based heterodyne receivers have been
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widely exploited using Schottky barrier diodes (SBDs) [4],
high-electron-mobility transistors (HEMTs) [5],
complementary metal-oxide-semiconductor (CMOS) [6] and
SiGe [7] technologies. They offer an advantage of being able to
operate at room temperature (RT), but requires a relatively high
local oscillator (LO) power that poses the challenge as the
operating frequency rises. Low-T¢ superconducting (LTS) hot
electron bolometer (HEB) mixers [8] and
superconductor-insulator-superconductor (SIS) mixers [9]
operate under much lower LO power and serve as the most
sensitive frequency down-converters to date. However, those
LTS devices need to be cooled to liquid helium temperature
(4.3 K) or below requiring bulky and expensive cryogenic
facilities and thus are primarily limited to application in
astronomical  observation.  For  sub-THz  wireless
communication and sensing systems, high-7, superconducting
(HTS) Josephson-junction mixers are promising candidates for
receiver frontends considering their combined advantages of
superior sensitivity, large bandwidth, low LO power, and lower
cryogenic cost (compared to that for cooling the low-T.
superconducting counterparts).

Current research progress on HTS THz or sub-THz mixers is
still in its infancy. Early demonstrations were mostly achieved
in the temperature ranges below 20 K [10]-[13] and later at 58
K [14]. Recently, HTS Josephson sub-THz mixers that operate
up to 77 K have been demonstrated at CSIRO laboratory
[15]-[18] using a step-edge junction technology [19]. These
reported HTS devices can be divided into fundamental and
high-order harmonic mixers according to their operating modes.
The former typically exhibit higher mixer conversion gains but
require expensive sub-THz sources to offer LO pumping at
similar frequencies as that of the received signals. In
comparison, the latter utilize microwave LO sources instead
thus reducing the costs of the systems. However, they suffer
from considerable performance degradation associated with
large harmonic numbers. The disadvantages for both operating
modes become more serious for higher frequencies (e.g. above
600 GHz). In this case, low-order harmonic mixing makes very
good compromise between the cost and performance for the
sub-THz receiver systems.

To exploit the potential of HTS mixers, high-performance
on-chip antennas are required to effectively couple the sub-THz
radiations into the Josephson junctions. Typical thin-film
antennas based on the planar log-periodic [11] or spiral [14]
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structures, exhibit stable radiation characteristics over a very
wide available bandwidth. However, such complementary
radiators [20] generally feature an input impedance of around
80 Q, which is significantly higher than the Josephson junction
normal resistance of only a few Q. This results in a poor
coupling efficiency when applied for the HTS
Josephson-junction mixers. Other reported on-chip antennas
like ring-slot [15] and twin-slot [21] radiators are much more
efficient in coupling the radiation, but they are limited to
narrowband operation only and not suitable for wideband or
multiband applications.

In this paper, we present our latest result of a dual-band
on-chip antenna coupled HTS Josephson fourth-harmonic
mixer. Two major innovative contributions in this work are
highlighted here. (1) A dual-band on-chip antenna was
proposed and designed for HTS sub-THz mixers. The antenna’s
operation principle was clarified through the surface electric
current distribution, and detailed simulation analyses were
performed to achieve high coupling efficiency and good
radiation performance at two frequencies. This is the first
reported on-chip antenna that can efficiently couple the
radiation into the Josephson junction at multiple frequency
bands. (2) A 640-GHz HTS Josephson-junction
fourth-harmonic mixer was developed using the dual-band
on-chip antenna. The mixer prototype was fabricated, fully

packaged and experimentally characterized in a cryocooler [22].

This is the first demonstration of low-order HTS harmonic
mixing at such high frequencies (above 600 GHz). Detailed
measurement results have shown that the best device
performance has been achieved compared to the HTS harmonic
mixers reported to date.

1I. DUAL-BAND SUB-THZ ON-CHIP ANTENNA

Fig. 1 shows the geometry of the presented dual-band
on-chip antenna, which is designed on an MgO substrate
(relative permittivity: 9.63) with thickness of 0.5 mm. A
high-resistivity silicon (Si) hemispherical lens (relative
permittivity: 11.9) is attached on the back of the MgO substrate
to achieve highly directional radiation in the negative Z
direction. On top of the MgO is a dual-band gold thin-film
antenna, where two pairs of different structured twin-slots (i.e.
the longer meander and shorter straight ones) dominate the
resonant radiations at the operating frequencies of 160 GHz and
640 GHz, respectively. The meander slots used for the lower
frequency band is mainly for improving the symmetry of the
radiation patterns in the XZ and YZ planes. In addition, a
carefully designed coplanar wave-guide (CPW) network is
integrated with the twin-slots to optimize the impedance
matching and radiation characteristics of both frequency bands
to the HT'S Josephson junction, thus significantly enhancing the
coupling of signal power into the junction. The CPW design
also includes a fifth-order stepped-impedance choke filter to
prevent the sub-THz signals from leaking onto the microwave
port.
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Fig. 1. Geometry of a dual-band sub-THz on-chip antenna (Hys, = 0.5 mm, Rje,
=1.5mm, Ly=202 um, L,; = 108 um, Wy =7 um, Sy = 101 gm, Ly, = 360 pm,
Las= 100 pm, Wy =28 um, Syi» =244 pum, S, = 404 m, 6= 30°, wy, = 12 um, wy
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Fig. 2. Simulated surface electric current distribution on the dual-band on-chip
antenna at the frequencies of 160 GHz and 640 GHz.

The antenna’s design and operation principle can be
explained through the surface electric current distribution (see
Fig. 2), which is obtained by numerical simulations using the
software Computer Simulation Technology (CST) Microwave
Studio [23]. Clearly, there are electric currents surrounding
both the shorter and longer twin-slots at the frequency of 160
GHz. Nevertheless, it should be pointed out that the
non-resonant straight slots actually contribute very little to the
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160-GHz radiation except for introducing a small inductance.
The two meander slots are dominant radiators at 160 GHz, and
the farthest spacing (see Sai2 in Fig. 1) between them is
approximately half guided wavelength (4 / 2). Therefore, the
high input impedance of the meander slots can be transformed
via the g / 4 CPW sections into a much lower value at the
antenna port. Due to the parasitic series inductances induced by
the straight slots, the overall equivalent path lengths of the
meander slots are slightly longer than 4, / 2. At 640 GHz, the
electric currents mainly concentrate near the shorter straight
twin-slots that dominate the resonant radiations. Similar to the
lower frequency band, two 4, / 4 CPW sections between the
straight slots are utilized to minimize the antenna-junction
impedance mismatch. Two additional CPW sections are
introduced on the right of the meander slots to achieve a virtual
‘short’ boundary for the straight slots. These sections do not
destroy the ‘short’ boundary condition for the meander slots
when operating at the lower frequency. Finally, as clearly seen
from Fig. 2, the electric currents at 160 and 640 GHz are both
effectively isolated from the intermediate-frequency (IF)
microwave port at the leftmost end.
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Fig. 3. Simulated input impedance of the dual-band on-chip antenna. (Red:
input resistance Ri,; blue: input reactance Xi,.)
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Fig. 4. Simulated reflection coefficient and coupling efficiency of the dual-band
on-chip antenna. (Red: reflection coefficient Si;; blue: coupling efficiency #..)

Detailed simulation results of the dual-band on-chip antenna
have been obtained with the CST software, including the input
impedance, reflection coefficient, coupling efficiency and

radiation patterns. As clearly shown in Fig. 3, the antenna
resonates at the frequencies of 160 GHz and 640 GHz, and
exhibits a low input resistance Ri, of around 13 Q at both
frequency bands. The small value of Ri, is close to that of the
junction normal resistance R, (typically 1 to 10 Q), thus
significantly reducing the power loss due to the impedance
mismatch between the antenna and Josephson junction. Fig. 4
shows that a reflection coefficient S;; of around -4.5 dB is
achieved at those two frequencies of interest, where the antenna
port impedance is chosen to be the R, value (i.e. 3 Q) as
extracted from the measured junction characteristics of the
HTS fourth-harmonic mixer prototype discussed in later
section. A coupling efficiency 7. is defined for the dual-band
on-chip antenna to describe its capability of coupling radiations
into the Josephson junction, which is denoted as

n=(1-[8u[")n (1)

where 7 is the radiation efficiency. As shown in Fig. 4, the
antenna has a coupling efficiency of -3.7 dB at both operating
frequencies, and a 3-dB available bandwidth of 20 GHz for the
160-GHz and 75 GHz for the 600-GHz frequency bands,

respectively.
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Fig. 5. Simulated radiation patterns of the dual-band on-chip antenna at (a) 160
GHz and (b) 640 GHz. (Red: co-polarization patterns in the XZ plane; blue:
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Fig. 5 shows the simulated co-polarization and
cross-polarization radiation patterns at the frequencies of 200
GHz and 600 GHz. Clearly, the radiation patterns exhibit high
directivity towards the negative Z direction and very good
symmetry in the XZ and YZ planes. As well understood from
the fixed aperture size of the Si lens, the half-power beam width
(HPBW) reduces from 34° at 160 GHz to 10° at 640 GHz. The
co-polarization realized gains of the on-chip antenna are 9.7 dB
and 19.9 dB for the lower and higher operating frequency bands,
respectively. The cross-polarization levels are extremely low
(less than -40 dB for both frequencies of interest), which
indicates that the bent current paths of the meander slots would
not deteriorate the polarization characteristics of the on-chip
antenna. In addition, the side-lobe and back-lobe levels are all
below -14 dB for the 160-GHz and -18 dB for the 640-GHz
frequency bands, respectively.

III. HTS JOSEPHSON-JUNCTION SUB-THZ FOURTH-HARMONIC
MIXER

A. Mixer Implementation and Experiment

Based on the designed dual-band on-chip antenna, a HTS
Josephson-junction fourth-harmonic mixer was experimentally
implemented using the CSIRO in-house developed
YBa,Cu3O7« (YBCO) step-edge junction technology [19]. Fig.
6(a) shows a micrograph of the fabricated mixer device chip,
where a HTS Josephson junction is integrated at the feeding
port of the dual-band thin-film antenna, and a 50-Q tapered
CPW line is utilized to the left of the choke filter to facilitate the
wire bonding for DC and IF connections. The straight and
meander twin-slot radiators are shown more clearly by the inset
of Fig. 6(a), where a step pattern was created in-between the
two straight slots by using a standard photolithography and
Ar-ion beam etching techniques on the MgO substrate prior to
the YBCO film deposition [19]. Fig. 6(b) shows an enlarged
view of the HTS YBCO step-edge junction, that is a 2-um wide
YBCO strip across the step edge forming a grain boundary
Josephson junction (the black colored section in the middle).
The YBCO lines beneath the gold film connecting the junction
are for DC biasing and measuring the DC current-voltage
characteristics (IVCs) of the junction. To ensure a minimal
contact resistance between the Au antenna and YBCO film, 50
nm in-situ Au was deposited on top of the YBCO film [24]. In
subsequent processing steps, the in-situ Au was then removed
everywhere except for the DC lines and contact pads for wiring
bonding. A second layer of 300 nm Au was then deposited and
patterned for the antenna. In this way, the contact impedance
between the Au antenna and YBCO film is negligible. The HTS
mixer chip was packaged using the proposed method in [16]
and the packaged fourth-harmonic mixer module is shown in
the inset of Fig. 7. Two identical 3-mm lens-antenna-coupled
HTS mixer devices were fabricated on a 10x10-mm? MgO chip
(see Fig. 7), thus reducing the fabrication cost and providing a
second back-up device. In-house designed bias-tees [15] were
integrated in the module to achieve good isolation between the
DC and IF signals.
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Fig. 6. (a) A micrograph of the fabricated dual-band antenna-coupled HTS
mixer chip; the inset clearly shows the straight and meander twin-slots as well
as the step pattern. (b) An enlarged view showing the YBCO step-edge
Josephson junction and the DC biasing lines beneath the gold film.
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Fig. 7. The schematic diagram of fourth-harmonic mixing measurement set-up
for the presented HTS mixer; the inset shows a packaged mixer module with
two identical 3-mm lens-antenna-coupled HTS mixer devices fabricated on a
10x10-mm? MgO chip.

The dual-band antenna-coupled HTS mixer was measured at
the frequencies near 640 GHz in a fourth-harmonic mixing
mode. The schematic diagram of the mixing experimental
set-up is shown in Fig. 7. The HTS mixer module was mounted
in a temperature adjustable cryocooler [22] with its Si
hemispherical lens facing the window. The RF (~ 640 GHz)
and LO (~ 160 GHz) signals were generated by two
commercial solid-state sources [Active Multiplier Chains
(AMCs)] from VDI and Millitech, respectively. Those two
radiation beams, after being collimated by an off-axis parabolic
mirror or a Teflon plano-convex lens, were combined via a
beam splitter and then coupled onto the Si lens of the mixer
module. Under an appropriate DC bias provided by a
battery-operated current source, heterodyne mixing occurs
between the RF input signal and the fourth harmonic of the LO
pumping signal. The down-converted IF output signal was
amplified by a low noise amplifier (LNA) [25] with a gain of
35-40 dB from 0.3 to 16 GHz at room temperature, and then
recorded using an Agilent E4407B spectrum analyzer. In
addition, a quasi-optical attenuator together with a rotatable
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wire-grid polarizer were included in the RF quasi-optical link to
achieve a large amount of signal attenuation and a wide range
of power variations for the mixer linearity characterization.
Another attenuator was also utilized in the LO link to
investigate the influence of LO pumping power Pio on the
mixer performance. The different values of Pro were obtained
by changing the attenuator with different attenuation levels.

B. Measurement Results

The HTS mixer was characterized in a wide range of
operating temperatures from 20 to 77 K. Fig. 8(a) shows the
measured DC IV curves of the HTS Josephson junction, which
displays a well-defined resistively-shunted-junction (RSJ)
behavior at all measured temperatures, with a normal resistance
R, =3 Q and a junction critical current . between 40 uA (77 K)
and 608 pA (20 K). Under the illumination of RF and LO
signals, as clearly shown in Fig. 8(b), the junction IV curve
changes with a strong /. suppression and a series of Shapiro
steps induced at the voltages V, = n®fsi, [26] (where 7 is an
integer, @y is the magnetic flux quantum, and fsg is the signal
frequency). As predicted by the above Josephson
voltage-frequency relationship, the Shapiro voltage step
induced by LO pumping (~ 160 GHz) is around a quarter of that
by the RF signal (~ 640 GHz). The results in Fig. 8(b) showed
that both the RF and LO radiations are effectively coupled into
the Josephson junction via the dual-band on-chip antenna.

Figs. 9-13 show the measured frequency down-conversion
performance of the fourth-harmonic mixer. Except for linearity
characterization, the mixer was always operated in its linear
region by applying a suitable amount of attenuation to the RF
input signal. This was achieved by using a fixed attenuator and
setting the rotation angle a of the wire-grid polarizer to 80°
(where a = 0° corresponds to a maximum signal transmission
with no polarization mismatch). Fig. 9 illustrates the
relationship of the IF output power versus bias current under
different LO pumping power levels. Clearly, the measured IF
output power P at 2.4 GHz (generated from fourth-harmonic
mixing between frr = 642.24 GHz and fio = 159.96 GHz), is
strongly dependent on the bias current /, with a modulation
behavior. By plotting P versus I, together with the DC IV
curve under LO pumping in Fig. 10, it can be seen that the IF
output peaks are achieved when I, is located halfway between
the adjacent Shapiro steps, where the dynamic resistance Rp=
dV'/ dl (the slope of the IV curve) reaches the maximum. The
best Pir is achieved at the second IF output peak (see Fig. 10)
where the Rp also has the highest value (at the middle point of
the 2" Shapiro voltage step). Furthermore, as shown in Fig. 9,
the IF peaks move leftward with increasing LO power PLo; the
highest value of Pir being relatively insensitive to the variation
of Pro. The peak shift can be well understood from more /.
suppression for higher Pro values, thus a lower [, value is
needed for the first Pir peak. The Pro (coupled into the junction)
for normal operation was estimated to be around -43.7 dBm
from the measured IV curve shown in Fig. 10, much lower than
that required for pumping a semiconductor mixer [27].
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Fig. 8. DC 1V curves of the HTS Josephson fourth-harmonic mixer when (a)
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Fig. 11 shows the measured linearity of the mixer at the
temperature of 40 K. The RF input power, Prr, coupled into the
Josephson junction, was estimated to be around -46.8 dBm at a
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wire grid angle a = 40°. This was actually obtained by
measuring the /. suppression and Shapiro current step-height on
the RF pumped DC IV curve [see the green curve in Fig. 8(b)]
and adding a 16.7-dB power loss (imposed by the fixed
attenuator in the RF link). The values of Prr at other polarizer
rotation angles, was obtained through an attenuation calibration
for the rotatable wire-grid polarizer using a VDI detector. As
shown in Fig. 11, a very good linear relationship is achieved for
Pir and Prr below Prg ~ -50 dBm.
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Fig. 12 shows the characterized double-sideband (DSB)
frequency response of the HTS fourth-harmonic mixer.
Operating with a fixed fio of 159.96 GHz and a varied frr from
615.84 to 657.84 GHz, the mixer outputs a down-converted IF
frequency range of 0.96 to 24 GHz in the lower sideband and
0.96 to 18 GHz in the upper sideband, respectively. The
measured P versus frr displays roll-offs at lower and upper
frequency bands (see the black solid curve), resulting from the
bandwidth restrictions of the IF amplifier and RF source. After
a calibration of the entire IF link (including cables and IF LNA)
and the RF input power variation with operating frequency, the
result is shown in Fig. 12 (the red dashed line). The mixer

exhibits a very wide IF bandwidth of at least 23 GHz over the
640-GHz frequency band. To the best of our knowledge, this is
the largest demonstrated IF bandwidth for HTS Josephson
mixers reported to date. Such wide IF bandwidth is attributed to
the following factors: (1) good on-chip antenna and circuit
designs (e.g. 37.5 GHz coupling bandwidth for each sideband
of 640 GHz, as shown in Fig. 4); (2) lower HTS Josephson
junction capacitance, compared to that of SIS mixers, enabling
wideband impedance matching; and (3) shorter response time
of HTS Josephson-junction devices than that of HEB mixers
restricted by relatively slow hot electron relaxation. The slight
fluctuation in the frequency response traces are believed to
result from the imperfect quasi-optical link as well as the
measurement and calibration tolerances.
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Fig. 12. DSB frequency response of the HTS fourth-harmonic mixer.
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Fig. 13 shows the measured conversion gain Guix of the HTS
fourth-harmonic mixer and its dependence on the operating
temperature 7. The mixer gain was estimated from Gmix = Pir/
(Prr * Gir) at optimum /, and Pro conditions, where Gir is the
calibrated IF link gain using a vector network analyzer (VNA).
As clearly shown in Fig. 13, the mixer exhibits a conversion
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TABLE 1. Performance comparison of state-of-the-art harmonic mixers at similar operating frequencies

Operating frequency

Conversion loss LO power IF frequency range

References Device technology ~ Harmonic order ) (1/G) (Pro) )
[28] LTS 9 604 GHz 554 dB @ 4.2K - ~1GHz
[28] LTS 5 693 GHz 43.5dB @ 4.2K - ~1GHz
[29] Semiconductor 4 325-500 GHz 15-22 dB @ RT 7-25 mW -
[30] Semiconductor 4 600 GHz 27dB @ RT 22 mW 0.87 GHz
[15] HTS 20 614 GHz 49 dB @ 40K 5.6 uW 1-3 GHz
[16] HTS 20 600 GHz 50 dB @ 40K 0.8 uW 1-12 GHz
This work HTS 4 640 GHz 1282‘(‘:]33%3‘%11((; 50 nW 0.96-24 GHz
gain as high as -18.1 dB at 20 K and -22.4 dB at 40 K, antenna, HTS step-edge Josephson-junction mixer was

respectively, which are the best reported results for HTS
harmonic mixers to date. Furthermore, the mixer operates
stably in a wide temperature range from 20 to 77 K (liquid
nitrogen temperature), although Gmix decreases with the
increase of 7 due to the decreased Rp and I. at higher
temperatures. Based on the measured conversion gain, the DSB
mixer noise temperature, Tmix, can be estimated if the device
output noise Toy is known. With reference to [31] and [32], the
Tout of our presented mixer is obtained by numerical simulation
using the following formula

7,,=B’C,TR;, / R, @)

where f > 1 is a dimensionless excess noise parameter, 7 is the
operating temperature, and Rp and R, are the junction dynamic
and normal resistances, respectively. The only difference of
this formula from Eq. (6) in [31] is that, there exists a factor Cj¢
[32] that accounts for the coupling efficiency from the mixer
output to a 50-Q IF load. Finally, the DSB noise temperature
Tmix = Tout/ (2 * Gnix) is obtained and shown in Fig. 13. The Tiix
value rises monotonically with the increase of 7, about 8000 K
and 22000 K at the operating temperature of 20 K and 40 K,
respectively.

The results show that an excellent device performance is
achieved for our dual-band antenna-coupled HTS
fourth-harmonic mixer. Table I compares the performance of
the presented device with other state-of-the-art harmonic
mixers (based on the semiconductor, LTS and HTS
technologies) at similar operating frequencies. It clearly shows
that our mixer exhibits a superior performance in terms of
relatively high conversion gain, low LO power, and wide IF
bandwidth.

IV. CONCLUSION

A dual-band on-chip antenna coupled 640-GHz HTS
fourth-harmonic mixer was presented in this paper. The
antenna integrates different structured twin-slots with a
well-designed CPW network to achieve high-efficiency power
coupling at two frequency bands. Based on the designed

developed and characterized operating in the fourth-harmonic
mixing mode. Detailed measurement results were provided,
including DC characteristics, optimum biasing, LO power
influence, mixing linearity, frequency response, as well as
conversion gain and its temperature dependence. The measured
conversion gain is around -18 dB at 20 K and -22 dB at 40 K,
and the IF bandwidth at least 23 GHz over the 640-GHz
operating frequency band. The required LO power is only
around -43 dBm (or 50 nW), much lower than that of the
semiconductor mixers. These are the best reported results for
HTS sub-THz harmonic mixers to date. Compared to
conventional HTS fundamental and high-order harmonic
mixers, the presented concept of mixer offers a good
compromise between performance and cost, thus will find huge
potential in the sub-THz wireless communication and sensing
applications.
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